In recent decades it has become clear that the cerebellum is involved in associative motor learning, but its exact role in motor learning as such is still controversial. Recently, a contribution of the cerebellum to different cognitive abilities has also been considered, but it remains unclear whether the cerebellum contributes to cognitive associative learning. We compared nine patients with an isolated cerebellar degenerative disease in a cognitive associative learning task with 10 controls. Patients and controls were matched for age, sex, handedness, level of education, intelligence and capabilities of visual memory. The subjects were asked to learn the association between six pairs of colours and numerals by trial and error. Additionally, a simple reaction time and a visual scanning
Introduction
The cerebellum has long been known as a structure that contributes essentially to motor co-ordination and control (Holmes, 1939) . In recent decades, research in this area has focused increasingly on the role of the cerebellum in motor learning. Today there is a large number of studies in which a variety of procedures-including physiological studies with lesioned animals, the comparison of cerebellar patients with healthy subjects and imaging techniques-have been used that show an involvement of the cerebellum in motor learning (for recent reviews, see Thach, 1996; Thompson and Kim, 1996) . However, the interpretation of the data is still a matter of debate. The controversial question is whether the cerebellum contributes rather to the motor or to the learning part of a motor learning task (Thompson and Krupa, 1994; Bloedel and Bracha, 1995) . One of the problems is to dissociate motor functions from learning functions in a motor learning paradigm (Timmann and Diener, 1996) .
Apart from this ongoing debate, another question, first posed by Leiner et al. (1986) , has attracted the attention of
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test were conducted in order to control for the influence of motor performance deficits in cerebellar patients. In comparison with the controls, it took the patients significantly longer to learn the correct associations between colours and numerals, and they were impaired in recognizing them later on. Two patients showed no associative learning effect at all. Neither the simple reaction time nor the visual scanning time correlated substantially with the results of associative learning. Therefore, motor-associated disabilities are unlikely to be the reason for the learning deficit in cerebellar patients. Our results suggest that the cerebellum might contribute to motor-independent processes that are generally involved in associative learning. many researchers: 'Does the cerebellum contribute to mental skills?' The authors gave three reasons for their question: (i) there is a late enlargement of the cerebellum in the phylogeny of man, which parallels the development of the neocortex. It was argued that functions must reside in the newly evolved structures that are typical for higher primates and humans; (ii) cerebellar projections expand to almost all parts of the associative cortex, and especially the projections to the frontal and parietal association areas do not seem to serve a purely motor function (Glickstein, 1993) ; and (iii) some patients with cerebellar lesions show unexpected intellectual deficits (Leiner et al., 1986) .
Ever since these early reflections on the contribution of the cerebellum to cognition, many empirical studies have been carried out to show the influence of cerebellar impairment on various intellectual functions (Schmahmann, 1991; Leiner et al., 1993; Fiez, 1996) .
However, this accumulation of evidence in favour of a cerebellar contribution to various cognitive functions has led to new problems. For instance, in some studies a lower verbal IQ was observed in cerebellar patients (Bracke-Tolkmitt et al., 1989) whereas in others it was not (Fehrenbach et al., 1984; Wallesch and Horn, 1990; Fiez et al., 1992) . Leiner et al. (1986) originally postulated an impairment of frontal lobe functions in cerebellar patients, which was confirmed by some researchers (Grafman et al., 1992) but not by others (Bracke-Tolkmitt et al., 1989) .
Daum and her colleagues (Daum et al., 1993a; Daum and Ackermann, 1995) suggested a number of reasons for these controversial findings. One basic difficulty in this field of research is posed by the rare clinical occurrence of selective cerebellar damage. Therefore, many studies are based on single cases or very small samples which often include patients with extracerebellar damage. The interpretation of the various neuropsychological findings is further restricted by methodological shortcomings, such as inadequately matched control groups and an insufficient assessment of background variables. Consequently, Daum et al. (1993a) tested patients with pure cerebellar lesions and found no cognitive deficits, whereas impairments in frontal lobe functions could be demonstrated in patients with cerebellar and additional brainstem lesions. Also, Dimitrov et al. (1996) found that a number of cognitive functions were spared in cerebellar disease which were reported as impaired in earlier studies.
The purpose of the present study was to investigate critically whether the cerebellum is involved in cognitive associative learning. According to the methodological requirements set up by Daum and Ackermann (1995) , we tested only patients with an isolated cerebellar disease and compared them with healthy controls who were matched not only for age but also for intelligence, visual memory, sex and level of education.
An experimental learning task was introduced in which associations of true cognitive representations had to be acquired. The latencies of the answers were measured and divided into motor and decision components. These choice reaction times are more sensitive indicators of associative learning performance than false responses alone. Additional tasks, including a simple reaction time task, were implemented to control all remaining motor demands of the experimental learning procedure.
Method Subjects
Nine patients with idiopathic cerebellar ataxia (Harding, 1993) were compared with 10 healthy controls. The diagnosis of idiopathic cerebellar ataxia was based on a neurological examination, radiological diagnostics (CT or MRI), the absence of extracerebellar signs and the lack of a positive family history. The neurological examination included the ataxia rating scale from Trouillas et al. (1997) as well as a scoring of cerebellar ataxia according to Klockgether et al. (1990) . The clinical data of the patients are summarized in Table 1 . Their average age was 63.9 Ϯ 10.83 years and the mean duration of disease was estimated as 4.4 Ϯ 3 years. Seven patients were female, two male, seven right-handed and two left-handed.
From an overall sample of 18 examined controls, five subjects were rejected after the neurological examination because of neurological symptoms. The 10 subjects who best matched the patients were then selected with regard to the following criteria: age, level of school education, IQ and visual memory capabilities. Seven of them were female, three male, eight right-handed and two left-handed. Their mean age was 61.8 Ϯ 8.09 years. None of them had a history of neurological disease.
Neither control nor cerebellar subjects were taking any centrally acting drugs at the time of testing.
Procedure
All subjects gave written consent to testing and were instructed in accordance with the requirements of the ethical committee that they could discontinue participation at any stage of the procedure. In accordance with legal requirements, all subjects additionally gave written consent to the anonymous evaluation and publication of their data for scientific purposes. The local ethical committee of the University of Essen approved the study.
The mean duration of all tests was~4 h and the whole neuropsychological battery was carried out over 2 days. Two patients completed the battery on one day, interrupted only by an extended lunch-break. Due to organizational requirements the tests carried out by all subjects were not in any specific order. All subjects completed all of the tests.
Neuropsychological tests
In addition to the standardized neurological examination described above, all subjects were tested with the colour plates described by Ishihara (1990) to rule out colourblindness.
As a reliable measure of intelligence, the standard progressive matrices test (SPM) (Raven, 1956 ) without time restrictions was chosen, thus minimizing the potential influence on the IQ of the patients' motor performance deficits. A second advantage of this test is that it gives extensive information about intelligence in addition to that indicated by the level of education. In order to measure visual memory capabilities, the recurring figures test (RFT) (Kimura, 1963; Hartje and Rixecker, 1978) was administered.
Additionally, two subtests of a German computerized neuropsychological battery for evaluating attentional deficits (Zimmermann and Fimm, 1992) were carried out. The first subtest, 'alertness', is a simple visual reaction time task where in some trials an acoustic warning occurs before the visual stimulus. The two conditions differentiate between phasic and tonic alertness deficits (Posner and Petersen, 1990) . The test consisted of four blocks with 20 trials each. (Klockgether et al., 1990) (range: 0-35) In blocks 2 and 3 the acoustic warning occurred. The second subtest was a visual scanning task in which the subject had to decide and respond as quickly as possible whether or not a specific stimulus occurred in a visually presented matrix. These two tasks served the purpose of controlling the influence of motor performance deficits, which are typical of cerebellar patients, in complex visual reaction time tasks.
Associative learning task
The associative learning task was presented on an x86-compatible PC with a 15-inch colour monitor placed 60 cm in front of the comfortably seated subject. During the whole experiment the background colour on the monitor was light grey. All written information on the screen was presented in dark, bold letters which were easy to read for all the subjects. Stimulus presentation and data collection were controlled by a computer program.
The subjects were asked to learn the associations between six colours and the numerals from 1 to 6 by trial and error. Colours were chosen as stimuli in order to make their visuospatial encoding unnecessary. The colours were different shades of green and blue, such that it was difficult to distinguish between them and describe them verbally. In this way the influence of subvocal strategies and verbal abilities could be minimized. Before the test, the six colours were first presented side by side as filled squares with a height and width of 4 cm to ensure that all subjects could differentiate between them. Then each numeral was shown in the correct colour for 4 s and the subjects were instructed to remember the link between the colour and the numeral. All numerals were presented in bold style with a height of 3 cm.
After this procedure, the subjects started each trial by using a specialized keyboard. The keyboard had three buttons, a central home button and two target buttons, one to the left and one to the right of the home button. Each button had a surface area of 1 cm 2 and the distance between the buttons was 1 cm. If the central button was pressed long enough, a new trial was presented, consisting of a coloured square and a black numeral either to the side of or above the square. The configuration of the stimuli, i.e. whether the colour was on the right or left, above or below the numeral, changed randomly from trial to trial, but was identical for all subjects. The stimuli could be inspected as long as the central button was pressed. On releasing the button the stimuli vanished immediately. While pressing the central button and inspecting the presented pair of stimuli, the subjects had to decide if the association of colour and numeral was correct. For correct associations they had to move the finger to the right button and for false associations they had to move it to the left. Feedback was displayed on the monitor immediately after pressing one of the two answer buttons. All subjects were instructed to use only one finger of the dominant hand (tested in all subjects) for all keyboard operations. They were informed that all reaction times were measured and that speed and accuracy were equally important characteristics of the task.
This procedure allowed differentiation between decision time and moving time. Decision time was defined as the time between stimulus onset and releasing the central button, whereas moving time was the time between releasing the home button and pressing the correct target button.
The stimuli were presented in blocks of 12 trials. In each block, all six colours were presented with the correct numeral as well as with a false one. The sequence of trials was the same for all subjects. The procedure was successfully finished when a subject completed two successive blocks correctly. At the end of the test the six colours were presented again side by side on the monitor and the subjects were asked to name the correct number for each colour.
Results
The results were obtained in four steps. First, the patients and controls were compared with respect to the background variables of age, memory, intelligence, simple reaction time and visual scanning. Secondly, group differences under the experimental associative learning condition were analysed with respect to the correctness of the answers, and thirdly the differences were analysed with respect to reaction time. Fourthly, possible interactions between the results of the standardized tests and the experimental learning situation were investigated.
To evaluate the group differences, t tests for independent samples were calculated for interval data, and the MannWhitney U test was used for ordinal data. To determine the interactions between different independent measures, Pearson's correlation coefficient was used for interval data and Spearman's ρ for ordinal data.
Background variables
Interesting background variables were the percentiles for the SPM as a measure of intelligence as well as the RFT, which indicates capabilities of visual memory. As a measure of simple reaction time, the mean reaction times of all four blocks in the alertness test were used. This test permits calculation of the difference in reaction time for trials with and without an alerting acoustic stimulus, indicating phasic alertness. Phasic alertness was calculated as the difference Fig. 1 Comparison of the patient group and control group in additional tasks. Means and standard deviations of (A) simple reaction time and (B) visual scanning time. Effects on both variables are significant (P Ͻ 0.05). Each small bar represents the value of one subject. The position of each subject remains the same in all graphs, including those in Figs 2 and 3.
Fig. 2
The number of correct responses for each block of 12 trials in the associative learning task for each patient (A, patients 1-9) and control subject (B, subjects 1-10). The criterion consisted of two consecutive blocks with 12 trials each. The patients and controls were sorted by the number of blocks required to reach the criterion. The sequence of patients and controls is the same as in Figs 1 and 3. Patients 7-9 and control subjects 9 and 10 discontinued the test before reaching the criterion. They are located at the bottom of this figure and in the rightmost columns in Figs 1 and 3.
of the median reaction time of the blocks with and without alerting stimulus, divided by the median reaction time of all four blocks (Zimmermann and Fimm, 1992) . In the visual scanning task we calculated the mean reaction time for those correctly answered trials in which no critical stimulus appeared in the matrix. This measure was used as an indicator of visual scanning speed, because the subjects had to scan the whole matrix in these trials in order to find the correct answer. Additionally, the number of false reactions was counted. There were no significant group differences with regard to age (t ϭ 0.48, P ϭ 0.638), memory (t ϭ 0.73, P ϭ 0.476) or intelligence (t ϭ -0.62, P ϭ 0.543). The simple reaction time task revealed a longer mean reaction time in patients (284.58 Ϯ 54.81 ms) than in controls (236.34 Ϯ 27.24 ms; t ϭ 2.47, P ϭ 0.024). The ratio between reaction times with and without alerting stimulus showed no significant difference between the two groups (t ϭ 0.88, P ϭ 0.391) (Fig. 1A) .
Compared with the controls, patients needed a prolonged visual scanning time for the whole of the presented matrix (patients, 8.03 Ϯ 3.62 s; controls, 4.7 Ϯ 1.39 s; t ϭ 2.7, P ϭ 0.015). There was no indication of different speedaccuracy trade-offs in the two groups. The patients made a few more errors than the controls, but the effect was not significant (patients, 9.22 Ϯ 7.26; controls, 6.60 Ϯ 5.13; t ϭ 0.917, P ϭ 0.372) (Fig. 1B) . The results are summarized in Table 2 .
Associative learning task: correctness of responses
Three patients and two control subjects discontinued the associative learning procedure before reaching the criterion (Fig. 2: patients 7, 8 and 9; controls 9 and 10). Although the task had been evaluated with several students, it proved to be too difficult for the chosen sample. The mean time taken to complete the procedure was~1 h.
In order to determine whether those subjects who did not reach the criterion showed any kind of learning effect in the experimental procedure, the linear correlation between the block and the number of correct responses per block was calculated. Two of the patients who did not succeed in the task failed to reach a significant correlation (P Ͼ 0.05) (Fig. 2: patients 8 and 9 ). All other patients and control subjects reached a significant correlation (P Ͻ 0.01).
Among the subjects who did reach the criterion, the patients needed more blocks (50.7 Ϯ 12.5) than the controls (31.5 Ϯ 12.4; Mann-Whitney U ϭ 4, P ϭ 0.01) (Fig. 3A) . These subsamples of six patients (four female, two male, (Kimura, 1963) ; SPM ϭ standard progressive matrices (Raven, 1956) ; U ϭ Mann-Whitney U. *The German school system has three levels of examination; level III qualifies for university entrance.
five right-handed, one left-handed, five school level I, one school level II) and eight controls (five female, three male, five right-handed, two left-handed, seven school level I, one school level III; for explanation of school levels see footnote to Table 2 ) were still well matched with respect to age (patients, 64.3 Ϯ12.7; controls, 61.6 Ϯ 9.0), intelligence (patients, 80.0 Ϯ 27.6; controls, 81.3 Ϯ 13.3; percentiles of the SPM) and visual memory capabilities (patients, 63.0 Ϯ 31.2; controls, 46.3 Ϯ 32.3; percentiles of the RFT). As a measure of performance for all subjects, including those who did not reach the criterion, the linear regression between number of block and number of correct reactions per block was calculated individually. The mean slope of this regression differed significantly between patients and controls (t ϭ -2.24, P ϭ 0.039) (Fig. 3B) . The number of correctly named associations uttered after the learning procedure was significantly higher for the controls (median ϭ 6) than for the patients (median ϭ 4, Mann-Whitney U ϭ 18.5, P ϭ 0.011; Fig. 3C ). The results are summarized in Table 2 .
Associative learning task: latency of responses
If not otherwise indicated, only decision and moving times from correctly answered trials are considered here. For the calculation of the mean decision times per block, reaction times which differed from the mean per block by Ͼ2 SD were discarded. The mean number of outliers per block did not differ significantly between the two groups (patients, 0.35 Ϯ 0.20; controls, 0.42 Ϯ 0.15; t ϭ -0.897, P ϭ 0.382). Neither the mean decision time nor the mean moving time showed a significant difference between the two groups ( Table 2 ). This result was unexpected. We had expected the moving time in particular to be longer for patients with motor deficits, in a similar way to the simple reaction time task. However, the decision and moving times of all subjects were highly variable.
The decision and movement times showed a linear decrease with the number of trials, which was significantly different from 0 (all P Ͻ 0.05, one-sample t test) for both groups. Whereas the slope of decision time versus number of trials was not significantly different between the two groups, the decrease in movement time was higher in control subjects (-22.14 ms) than in patients (-3.07 ms; P ϭ 0.029) ( Table  2) . For the whole sample, however, the slopes for decision and moving times were highly dependent on the number of blocks used for the learning procedure. There was a significant correlation between the number of blocks and the decrease in both decision time (r ϭ 0.585, P ϭ 0.008) and moving time (r ϭ 0.513, P ϭ 0.025). This dependency is probably the result of a ceiling effect, i.e. after a given number of blocks the learning effect on reaction time disappeared. This could be due to increasing familiarity with the task and the keyboard. If the first 10 blocks are excluded, the difference in the decrease in movement time becomes smaller (patients, -1.99 ms; controls, -11.37 ms) and is no longer significant Fig. 3 Comparison of the patient and control groups in the associative learning task. Means and standard deviations of (A) the number of blocks required to reach the criterion, (B) the slope of the linear increase in the number of correct responses per block and (C) the number of correct associations between numerals and colours produced after the learning task was concluded. Effects on all three variables are significant (P Ͻ 0.05). Each small bar represents the value for one subject. The position of each subject remains the same in all graphs, including Figs 1 and 2.
(P ϭ 0.11). For the first 10 blocks the decrease in moving time of the patients was even higher (-49.27 ms) than that of the controls (-33.11 ms).
Almost all subjects spontaneously produced some correct verbal comments on the combination of colour and number actually seen while pressing the false answer button. The question is whether this phenomenon occurred more often in patients than in controls. If this was indeed the case, it could be due to the patients' greater difficulty in co-ordinating their correct knowledge about the answer with the correct movement direction on the keyboard. Short decision times and false responses were interpreted as an indication of this possibility. In this case the absolute correlation between decision times and correctness (0 ϭ false, 1 ϭ correct) should be higher for the controls than for the patients. In contrast, the variance of decision time for false responses should be higher in patients than in controls. The data, however, did not support this hypothesis. The correlations for decision time and correctness were very similar for the two groups (patients, r ϭ -0.209; controls, r ϭ -0.214) and the standard deviation of the decision time for false responses was even higher in controls (2586 ms) than in patients (2166 ms).
Interactions
Interaction of the background variables with those performance measures of the experimental learning task that differed significantly between patients and controls was tested. Because of the small size of the sample only performance measures that could be calculated for all subjects were considered. The background variables age, intelligence, visual memory, visual scanning time and simple reaction time were not correlated significantly with the number of correctly named associations after the learning procedure or with the linear increase for correct responses per block (P Ͼ 0.2; Table 3 ).
Discussion
The present study revealed a specific deficit of cerebellar patients in a cognitive associative learning task. The patients needed more trials to reach a previously defined criterion when learning six associations between colours and numerals, and they had more difficulty in naming the correct associations after the learning phase than healthy control subjects. This result could not be linked to extracerebellar lesions, because only patients with lesions confined to the cerebellum were included in the tests. Nor was this deficit in cognitive associative learning attributable to any sample differences in intelligence, age, sex, schooling, visual memory or motor performance.
The background variables investigated in this study served the purpose of isolating some basic operations, in particular motor associated processes, which are possibly involved in the experimental associative learning task. For this reason simple reaction time and visual scanning were tested, which yielded data on two elementary operations involved in the associative learning task. As expected, both were affected by cerebellar impairment, but neither the higher simple reaction (Raven, 1956) ; RFT ϭ recurring figures test (Kimura, 1963) . *r i is a correlation coefficient for interval data, r o for ordinal data.
time nor the impaired visual scanning time of the patients could explain their poorer performance in the experimental learning task. No correlations between the results in these different tasks were found. Our results differ from those of two studies (Daum et al., 1993a; Dimitrov et al., 1996) in which no difference was found between cerebellar patients and normal controls in cognitive associative learning. One reason for these different findings could be the difference in the testing procedures used. Daum et al. (1993a) used verbal paired associates and Dimitrov et al. (1996) used word-list learning, in which associative processes are presumably involved. We think that our experimental procedure will turn out to be a better measure for a pure cognitive associative process than previous procedures, because almost no verbal or spatial processes are involved in our task. A second reason may be the greater variability of the patient samples in the two previous studies. Whereas our patients are all suffering from idiopathic cerebellar ataxia (Harding, 1993) , Daum et al. (1993a) included an additional three patients with various ischaemic lesions and one patient with a resection of parts of the cerebellum for astrocytoma removal. In the study by Dimitrov et al. (1996) , some patients with olivopontocerebellar atrophy were tested. Greater intragroup variability always reduces the probability of finding a significant group difference. Finally, in both of these earlier studies the authors tried to demonstrate that there is no group difference with respect to learning measures between cerebellar patients and normal controls. But this is difficult to show. It is insufficient to simply demonstrate that there are no significant group differences. In neither study were all mean values, standard deviations and error probabilities specified. Therefore the strength of the indication of comparable performance of cerebellar patients and normal controls in learning tasks remains unclear.
Our results confirm those of earlier studies by Canavan et al. (1994) and Tucker et al. (Tucker et al., 1996) , who also showed deficits in associative learning in cerebellar patients. The present study, however, goes beyond their approach in that we chose an alternative experimental design that takes better account of the difference between cognitive and motor associative learning. The problem becomes apparent if one compares the study by Canavan et al. (1994) with the experimental approach described here. They additionally introduced an associative learning reaction time paradigm in which the subjects had to learn the predictive value of an original neutral visual stimulus. This was followed by presentation of an arrow either to the left or to the right, which indicated to the subjects that they should press either the left or the right response button. This learning condition was compared with a simple reaction time condition without any predictive stimuli, where all task requirements except associative learning were identical. Patients with circumscribed cerebellar lesions had more difficulty in learning the predictive meaning of the abstract cues than healthy controls (Canavan et al., 1994) .
However, the similarity of Canavan's experimental design to typical motor learning studies poses a problem. As the authors put it themselves, the task was '. . . to associate particular movements with particular visual cues' (Canavan et al., 1994, p. 2) . This means that the task was more of a conditional motor learning paradigm than a genuinely cognitive associative learning task. The subjects had to learn to associate different visual contexts with a movement to the left or to the right. The association is merely a context response linkage; in other words, only the cognitive influence on motor responses is measured. This problem is also apparent in the study by Tucker et al. (1996) , in which the association between six geometric shapes and six buttons had to be learned.
In order to ensure measurement of the learning of purely cognitive associations, a different experimental paradigm was chosen in the present study. The test was designed in such a way that the subject could not master the task by learning the association between one colour or one numeral and a moving direction for the index finger alone. Only information about the combination of colour and numeral was sufficient to determine the correct answer. Secondly, the changing configurations of colours and numerals on the screen made it more difficult for the subjects to learn solely the association between a special visual context and a moving direction, regardless of the actual association of colour and numeral.
One might argue that even if cognitive operations were being tested, deficits in cerebellar patients might be a consequence of the additional motor requirements of the task. After all, most cognitive tasks do imply motor performance (Adams, 1987) . Consequently it has to be asked whether there are any motor processes involved in the associative learning task that are not controlled in the simple reaction task or the visual scanning task.
The choice of a left or right movement direction in the trials could be considered such a motor process. We had to take into account the possibility that patients had specific difficulties in co-ordinating their knowledge of the correct answer with the correct movement direction of the finger on the keyboard. However, the correlations of decision times and correctness of reactions did not support this. Short decision times predicted correct responses for both groups, and, as such, were also indicators of knowledge of the correct answer. Additionally, the visual scanning task was a choice reaction time task, and no differences were revealed between the two groups with respect to the above-mentioned coordinating ability. The number of errors made in the visual scanning task was similar for the two groups.
An even more subtle problem of additional motor requirements in cognitive tasks is generated by the potential interaction effect caused by attentional capacity limits. If, for example, cerebellar patients showed the same motor performance as controls, there would remain the possibility that they require more attentional resources for motor control than others. As a consequence they might display a poorer cognitive performance, although the cerebellum is not necessarily involved in cognitive operations as such. Different speed-accuracy trade-offs would be a special example of this general problem.
A weak indicator of such a motor deficit compensating mechanism may be the similar movement times shown by patients and controls in the learning task despite different simple reaction times. Alternatively, this phenomenon could be explained by the lower prominence of the speed factor for both groups in the learning task, due to its difficulty. The long and highly variable mean decision and movement times rather support the second hypothesis and rule out different speed-accuracy trade-offs as an exclusive explanation of the observed group differences. Nevertheless, until now such motor deficit compensating mechanisms have been completely neglected in the neuropsychological literature about cognitive deficits in cerebellar patients, and they deserve more attention in future studies.
However, the strongest argument against the assumption of a pure motor deficit is the fact that the patients could assign fewer colours correctly at the end of testing than the control subjects, even after a longer learning phase.
When exploring cognitive deficits of cerebellar patients, it is often difficult to control the involvement of verbal processes. Fiez et al. (1992) showed a possible involvement of the cerebellum in semantic processing. Thus, it could be argued that patients have more difficulty in establishing a useful verbal strategy for the task than control subjects. One possible strategy could be subvocal rehearsal of the numbers and colour labels. We tried to deal with this problem by minimizing the profit from a verbal strategy, thus avoiding the problem of the possible involvement of the cerebellum in subvocal speech. When at the end of the learning procedure the six colours were shown side by side on the screen, all subjects referred to the colours by pointing to them. Obviously, none of them had useful verbal labels to differentiate between them.
Another problem is posed by the choice of colours. Because of the high degree of similarity between the colours chosen, the two factors of associative learning and colour discrimination cannot be clearly distinguished in the experimental design. However, there are two reasons for favouring associative learning as the crucial factor in this experiment. First, the colour test (Ishihara, 1990) gave no indication of differences between the two groups, and secondly no reference to the involvement of the cerebellum in colour perception or colour discrimination was found in the current literature (Zeki, 1993) .
One problem of the present study was the great difficulty the chosen sample of patients and control subjects experienced in performing the experimental task. Three patients and two controls out of 19 subjects were not able to reach the criterion in an acceptable period of time. Differences in motivation and concentration or differential fatigue effects might have had more influence on the results than expected. The mean duration of the chosen procedure was~1 h. Although this is not much longer than the duration of the intelligence test (mean ϭ 48 min), there remains a possibility that this task required a higher degree of sustained effort. As Appollonio et al. (1993) were able to show, it is possible that cerebellar patients have difficulty with response initiation and perseveration control, especially in effortful tasks. Whereas the use of perseverative strategies cannot be established with our experimental procedure, the similarity in decision time between patients and controls does not support the hypothesis of impaired response initiation in cerebellar patients. Additionally, it should be mentioned that Appollonio et al. (1993) included two patients with extracerebellar diseases in their study. The fact that not all subjects reached our special learning criterion could also be an indication of sampling differences between cerebellar patients and controls. With a sample size of 9 patients vs. 10 controls this possibility cannot be ruled out completely. We did show, however, that there was no substantial sample difference with respect to intelligence, age or visual memory between the two groups. Furthermore, the patients exhibited results similar to those of the controls in all additional tests without intense motor demands. This also indicates that there were no motivational differences between the groups.
In summary, we obtained three measures of a learning process: the number of blocks to reach the criterion, the increase in correct responses per block and the number of correctly named associations after the learning procedure.
Each measure alone is a weak indicator of a real group difference. Because some subjects did not reach the criterion set, the first measure accounts only for smaller subsamples of patients and controls. Some subjects achieved only eleven correct answers per block, and one might argue that these subjects showed only a simple lack of concentration or a different speed-accuracy trade-off compared with other subjects. However, if this had been the case, the increases in correct responses per block and the number of correctly named associations at the end of the test would have been similar to the results of the subjects who reached the criterion.
The measures we obtained for all of the subjects are each arguable on their own. However, the results of the successful subjects show the same group difference as the pooled measures. Additionally, we were able to show that, including the discontinuing subjects, all subjects showed significant learning with the exception of two patients.
Recently, involvement of the human cerebellum in classical conditioning of motor responses has been shown in a number of studies (Thompson, 1991; Daum et al., 1993b; Topka et al., 1993; Timmann et al., 1996; Woodruff-Pak et al., 1996) . Canavan et al. (1994) and Tucker et al. (1996) were able to extend these findings when they found that cerebellar patients were impaired in learning associations between visual cues and required particular movements. In the present study we showed that patients with lesions confined to the cerebellum are also impaired in learning purely cognitive associations.
One might assume that all these associative learning tasks share one common process for which cerebellar patients display a deficiency. This process could be the establishment of a link between two pieces of information or the preparation of sensory input for further associative processes. The notion that the cerebellum may actually be involved in co-ordinating the acquisition of sensory data and not in motor control or cognitive functions per se has recently been advocated by Bower and co-workers (Gao et al., 1996; Bower, 1997) . Whether the cerebellar involvement in associative learning tasks is due to sensory specialization or key associative processes or both remains an important issue for further research in this field.
